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Abstract
An experiment is described where the two products of the Langmuir Decay Instability (LDI) of a
primary electron plasma wave have been observed and identified without any ambiguity. Primary
Langmuir waves are driven by Stimulated Raman Scattering (SRS) of an incident laser which provides
well-defined electron plasma waves. Thomson scattering of a short wavelength probe beam yields
measurements of the amplitude of the waves resolved in time, space, wavelength and wavevector, that
allow identification of the probed waves.

1. Introduction

Stimulated Raman Scattering (SRS) is the decay of an electromagnetic wave (EMW) into
another EMW and an electron plasma wave (EPW). SRS is important in the context of Inertial
Confinement Fusion (ICF) because it can affect the propagation of the laser beams through
the underdense plasma [1]. A significant part of the incident laser light can be reflected and
the driven EPWs can produce hot electrons that preheat the fusion fuel and reduce the
compression efficiency. According to linear theory of SRS, the daughter waves should grow
exponentially in time to very high levels with a growth rate depending on the incident
intensity. However, the characteristic growth time is short compared to the laser pulse
duration so that SRS behavior is dominated by saturation processes. Consequently, the control
of SRS in ICF experiments requires the identification of the saturation processes and the

prediction of the saturation levels.

Theoretical work and numerical simulations [2] have suggested that the parametric decay
of the EPWs driven by SRS can non linearly saturate the Raman instability by introducing an
additional damping on the EPWs. The Langmuir decay instability (LDI) is the decay of a
primary Langmuir wave into a secondary Langmuir wave and an ion acoustic wave (IAW).
Recent experiments have shown the dependence of the SRS reflectivity on the IAW damping
rate [3] as expected in the theoretical models of the saturation of SRS by LDI. EPWs
travelling antiparallel to the laser wavevector have been observed [4] and were attributed to
the LDI but some alternative explanations for the presence of such waves were proposed.
Thus no clear experimental evidence of the LDI occurrence has been reported so far.

In this paper, we describe an experiment which allowed us to observe and identify the
two LDI products as well as the EPW pump without any ambiguity. In section 2, the
experimental set-up is presented. Sections 3 and 4 are devoted to the description of EPWs and
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2 . Experimental set-up

Five beams of the LULI (Laboratoire pour |'Utilisation des Lasers Intenses) facility were
used to study the interaction between a 1.053 nm-wavelength laser beam, smoothed with a
random phase plate (RPP), and a preformed underdense plasma. All beams were in the
horizontal plane with 600 ps FWHM (full width at half maximum) Gaussian pulses. The
plasma was formed by two counterpropagating 526 nm-wavelength laser beams ablating 1.2
um thick, 380 pm diameter, CH disks and heated by a third, identical beam, delayed by 0.5 ns
with respect to the first two. The plasma-forming beams were propagated through RPPs that
produced a focal spot larger than the target, and the targets were sufficiently thin as to be
completely transformed into a high-temperature plasma before the arrival of the interaction
and probe laser beams. The interaction beam was focused along the principal axis of plasma
expansion (normal to the target surface) and delayed by 1.4 ns with respect to the plasma
formation pulses. Using an £/3 lens and an RPP consisting of a circular array of 2 mm
elements, the focal spot diameter was 160 pm (FWHM), producing a peak intensity of
3.5x1014 W/cm2. The Thomson scattering probe at 351 nm Wwas synchronous with the
interaction beam and was focused with a combination of a lens and an RPP with elongated
elements to form a focal region 100 pm by 1 mm along the interaction beam axis, which was
larger than the interaction region of interest. A parabolic mirror and two spherical mirrors
collected scattered light and imaged the plasma on two spectrometers and streak cameras. This
configuration yields Thomson scattering measurements resolved in time, space [5],
wavelength and wavenumber. A layout of the beams and diagnostics is shown in figurel.
srs diode

interaction beam Figure 1: experimental set-up
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3 . Stimulated Raman Scattering

SRS is a resonant three waves process where conservation laws for energy and
momentum are satisfied: =0xs+Wepw1 and Ko=KssTKepw . These plasma normal modes also
satisfy their dispersion relations: U3=uz+kjc?» U 2s=02e+kEsC? 5 ugpwl=uge+3kgpwlv§,w. If we
neglect the Bohm-Gross correction in this latter relation, norms of the wavevectors for both
electromagnetic waves are depending only on the electron density and we find:
Ko=\Wy/ ¢~/ )"~ and Kss=\Wo/ CJU—LAle/ He) 7177 . Since k, is also known in direction,
Ko=Ksrs+Kepwt shows that the extremity of Kss is on a circle of radius k.. With its center at
one extremity of k, as shown in Figure 2.

Figure 2: diagram of the wavevectors in the
SRS decomposition. Ko=y/c is the wavevector
of the incident laser light in the vacuum. The
amplitude of the wavevectors has been
calculated for ne/n=0.1.

e eivenlated Raman backscattering, k.. =Kotk is a decreasing function of the
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1.72wo/c and 1.22ax/c in this range. In the case of sidescattering, k., is calculated as a
function of € and ne/nc as follow: K, 1=Ko—kss => k2,,,=kj+kas+2koksscos(€) . Direction of
the stimulated EPW is referenced with respect to the interaction beam axis by the angle
(=o+m). Then o is deduced from: Kss=Ko—Kepoi => kis=k3+k2,,1=2kokpwicos(ct) .

4 . Langmuir Decay Instability

The electron plasma waves and the ion acoustic wave involved in the LDI process follow
relations of the same type than in the SRS process: g, =Wepua+Wisy2 a0 Kepui=Kepw2TKiawz - In
the following discussion, we will consider LDI backscattering only so that EPW2 and IAW?2
have the same direction than the SRS driven EPW (EPW1). The dispersion relation for the ion
acoustic wave iS: Wiy, =KiaaCs . Assuming Kepwi 2<< kp=1/Ap. which is satisfied as long as
Landau damping of the Langmuir waves is negligible, characteristics of the daughter waves
can be calculated as a function of K@ Kepwo=—Kepwi+AK and Ko =2K,,i—AK where Ak =
(2/3) kp (Zme/m;)"*# (ne/Te)""? for a homogeneous plasma [6]. For ne/ne=0.1 and T.=500 eV,
we calculate Ak=0.11wo/c which is only a few percents of Kepwi.

\4
Kepwz Figure 3: schematic of the LDI. Features of the
Kepwi SRS driven EPW, K, in length and direction,
. can be calculated as a function of € and n./n..
iaw2 The same informations for K¢pw: and Ki,w2 are
straightforward.

5 . Thomson scattering geometry

Collective Thomson scattering off a coherent wave [7] (produced by a stimulated
scattering instability) is a resonant process in which wavevectors and pulsations of the probe
(kp,p) , scattered light (ks,w) and plasma wave (Kiaepws@awepw) (1aw or epw) must satisfy:
s =WpE Wiy epy 2NA Ks=KpEKiawepw . For given plasma wave and probe beam wavevectors, the
scattered light is emitted in two directions and its spectral characteristics result from the
previous laws. Respectively, when the direction of observation (ks) is fixed, the probed
plasma wave is determined by: Kiavepw=%(Kp—Ks) which corresponds, in the case of IAWs, to
two counterpropagating wavevectors.

Nature of the probed plasma wave determines further details in the Thomson scattering
geometry. For [AWs, one has: mj,w<<®j, ®s and can write wp= @ which involves, using the
dispersion relation for the electromagnetic waves, that the probe and scattered light
wavevectors have approximately the same length: Kp=(Wy/CHY—Ne/Ne)*~ | In figure 4, a
schematic of the scattering is considered in two different cases. Figure 4a represents the case
where the JAW we want to probe is known as well as the probe beam wavelength. The
isosceles triangle can be built in two ways leading to scattered light emitted in two directions
with a characteristic pulsation for each direction: Wup=Wpup+®y, fOr kap=kpp+k;, and
Dsioren =Dpdonn ~Digyy £OT Ksdown =Kpdown "Kiaw . Another triangle may be drawn by a symmetry of
the previous one with respect to the [AW but the probe and scattered light would be far from
our experimental geometry in this case. Figure 4b considers the case where the probe and
scattered light of given wavelength, have a wavevector well-defined in direction. Then two
well-defined counterpropagating I[AWs are probed and the pulsation of the scattered light is
given by the direction of propagation of the corresponding IAW. In the case of Thomson
scattering off EPWs, the probe and scattered light wavevectors have different lengths. For the
down scattered light: Widown =Wpe T Sgoun U™ =Wp < WepwWp TURpw gives
Ksdown =\Wo/ ©)1¥~Ulte/ ) "~ For the up scattered light, we find the same way:
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Figure 4: a) Down and up Thomson scattering off an ion acoustic wave. The two circles have a
radius equal to k, and their centers are the extremities of k;,,. Wavevector dimensions have been
calculated for n/n= 0.1. Scales are different in figures 3a and 3¢ and the corresponding lengths
for ko, are indicated in each case. b) IAWs probed for given probe and scattered light
wavevectors. ¢) up and down Thomson scattering off two counterpropagating EPWs.

We are interested here with the observation of the plasma waves involved in LDI, for
which we know all the characteristics: direction and wavenumber. Experimental constraints
limit the possibilities. The angle of the probe beam (8) is between 125° and 145° and the
collection optics limits the scattering angle (J) in the range [74°;118°] (see figure 4b for a
definition of 6 and 9). It is clear from figure 4 that the only possibility is to collect down
Thomson scattered light off IAW2 and EPW1 and up scattered light off EPW2. Then
Thomson scattering triangles are known and one can calculate all the angles of interest:
amplitudes of the wavevectors are given as a function of the electron density then 6 and d are
calculated as for the calculation of o in the SRS description. The results are shown in figure 5
for Thomson scattering off [AW2.
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In the experiment, we used masks inside the probe and collection apertures in order to

observe well-defined [AWs. Selecting 8=[79°;84°] and 6=[141°;145.5°], we probed IAWs
corresponding to the decay of EPW1 driven by SRS backscattering (see figure 5). By doing
so, we can only observe two counterpropagating IAWs whose wavevectors are well-defined
(see figure 4b). A plot of the observed signal is shown in figure 6. The IAWs spectrum
exhibits two components (IAW2 and IAW3) separated by 4.1A. This separation is equal to
2ApCskiawa2/kp for the probed IAW and the measured electron temperature (0.7 keV). The [AW3
peak corresponds to an IAW with k,_ .=k, . and is the product of the LDI of EPW2.
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by similar formulas. In figure 7, Thomson scattering signals from EPW1 and EPW2 have
been plotted as a function of the scattered wavelength. Figures 7 ¢ and d correspond to a later
time (90 ps later) during SRS than figures 7 a and b. Since ®,,,;, is proportional to the
square root of n¢/nc, the evolution of the peaks in A seen in figure 7 are consistent with the
relations Mepw;=Mp—Wepwi aNd  Wyep; =Wp+W,,, When the density is decreasing during the
interaction because of the plasma expansion. Thomson scattering off EPWs resolved in time,
space and wavelength can be used as a density diagnostic.

X e Figure 6: plot of the Thomson scattered light off
< 2 > IAWs as observed with the masks 8=[79°;84°]
" \ and 6=[141°;145.5°]. The IAW2 peak has the
/// M i expected characteristics of the LDI product of
J W 4 EPW1 decay whereas the IAW3 peak is the
IAW3 [AW2 \/\\N)\, result of Thomson scattering off an JAW
; » propagating in the opposite direction to IAW2.
kprobe
. EP : a b
woERW2, o @ e | ()
Figure 7: plots of the TN =r ;N
Thomson scattered light 00 s 0 . —
off EPWs corresponding to ~ L Mom) T , - Mom)
EPW1 and EPW2 as a 3245 - 383
function of wavelength for  wo: —— ~ " o
two times during the SRS © EPW2 © (c) EPWI1 | - (d)
occurrence. The signal is R ATk o
integrated over 50 ps for o — s e _
— T gy —— 'aum)

327.5 378.5
In summary, design and geometry of the Thomson scattering diagnostics used in this
experiment have been described. Using this diagnostic, we have observed and identified
EPWs and IAWs having the expected spectral characteristics for the LDI products of the SRS
driven EPW. This is the first demonstration of the occurrence of LDI in laser-plasma
experiments.
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